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The complete sequence of a Dictyosrelium discoideum cDNA is presented that codes for monoubiquitin extended at its 
C-terminus by a 52 amino acid tail. The sequence of both the ubiquitin portion and the tail is highly homologous to 
the one of Sacchpomyces cerevisiae and to a partial mouse sequence. The highly basic tail sequence contains a putative 
metal and nucleic acid-binding motif. The gene encoding the 0.6 kb mRNA of the C-terminally extended ubiquitin is 
represented only once in the haploid genome. The 0.6 kb mRNA as well as its translation product, a 15 kDa protein, 
is expressed in exponentially growing cells and remains present for at least 5 h of development. Using antibodies against 
a synthetic peptide that corresponds to the C-terminal amino acid sequence, a 15 kDa protein containing the extension 
was also detected in yeast. 
Ubiquitin; Anti-peptide antibody; (Dictyosfelium) 
1. INTRODUCTION 
Ubiquitin, a highly conserved 76 amino acid 
protein of eukaryotic cells, is conjugated via its C- 
terminal glycine to target proteins [l]. In human, 
Dictyostelium and yeast cells, two types of 
transcripts of ubiquitin genes have been detected: 
mRNAs coding for polyubiquitins that are pro- 
teolytically cleaved into monomeric ubiquitin, and 
transcripts that code for monoubiquitin that is ex- 
tended at its C-terminus by a basic peptide. In 
yeast two C-terminal extensions of ubiquitin have 
been defined on the basis of genomic DNA sequen- 
cing [2]: a 52 amino acid tail homologous to that 
of Dictyostelium [3] and to an incomplete mouse 
sequence [4], and a 76 amino acid tail homologous 
to the human fusion gene product [5]. The con- 
served positions of cysteine residues in the C- 
terminal extensions have led to the suggestion that 
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these extensions form fingers that bind to DNA 
[2]. As a contribution to the elucidation of the role 
of ubiquitin fusion proteins we present here the 
complete and revised sequence of a Dictyostelium 
cDNA and provide immunological evidence for the 
presence of a 15 kDa protein in D. discoideum and 
Saccharomyces cerevisiae that carries the C- 
terminus of the fusion protein. 
2. MATERIALS AND METHODS 
2.1. cDNA cloning and sequencing 
To get full-length clones, a hgtll cDNA library [6] kindly 
provided by Drs R. Kessin and M.-L. Lacombe, Columbia 
University, was screened with a tail-specific cDNA probe that 
was obtained by subcloning fragment UBlC [3] in pUCl9. 
Recombinant phages were grown on E. coli strain YlO88 [7] for 
isolation of DNA. The inserts were subcloned into vectors 
Ml3mp18/19 or pUCl9 and sequenced according to Sanger et 
al. [8] using uni-primer or l&mer oligonucleotide primers as in- 
dicated by blocks in fig.2. Oligonucleotides for sequencing and 
Northern blotting were synthesized by the phosphoamidite 
method [9] on an Applied Biosystems DNA synthesizer and 
purified by HPLC. 
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2.2. DNA and RNA isolation and hybridization 
D. discoideum strain AX2-214 was grown axenically at 21°C 
and starved as described [lo]. For Southern blotting, DNA was 
isolated from purified nuclei of D. discoideum, digested with 
restriction enzymes (Boehringer Mannheim), separated on 1% 
agarose gels in Tris-phosphate buffer, pH 7.8 [11], transferred 
to nitrocellulose filters (BA85, Schleicher and Schuell), and 
probed with nick-translated cDNA probes in 50% formamide 
and 2 x SSC at 37’C [3]. Highly specific probes were obtained 
by subcloning fragments UBlU and UBlC [3] in pUCl9. 
For Northern blotting, poly(A) RNA was enriched from total 
cellular RNA on oligo(dT) cellulose (BRL), separated on 1.2% 
agarose gels in the presence of 6% formaldehyde [11], and 
either probed with “P-endlabeled 18-mer oligonucleotides or 
with nick-translated fragments UBlU and UBlC. 
For primer extension according to T. Dingermann (personal 
communication), poly(A)-enriched RNA from growth-phase 
cells was hybridized to 5 ‘-end labeled oligo(C) (fig.2), in- 
cubated with reverse transcriptase and nucleotide 
triphosphates, and analyzed on a sequence gel. 
2.3. Anti-peptide antibodies and immunoblotting 
The C-terminal amino acids 115-128 were linked through a 
glycyl spacer to an N-terminal ysine residue derivatized by two 
palmitic acid moieties [ 121. The peptide was synthesized on a p- 
alkoxybenzylalcohol resin. The N-terminal lysine was coupled 
as the N,,N,-bis-Fmoc derivative and the two fatty acid 
moieties were introduced by coupling of palmitic acid with 
dicyclohexylcarbodiimide. The dipalmitoyl hexadecapeptide 
was obtained by cleavage from the resin using 50% 
trifluoroacetic acid in methylene chloride. The sequence was 
verified by mass spectroscopy. 
250rg of the dipalmitoyl peptide in 1 ml emulsion of com- 
plete Freund’s adjuvant were injected subtitaneously into a 
rabbit, followed by four intracutaneous boosts of 250-5OOrg 
of the peptide with incomplete Freund’s adjuvant. Antibodies 
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Fig. 1. Sequence of cDNA clone cDUl7 of D. discoideum, and comparison of the derived amino acid sequence of the corresponding 
DUB1 gene (Ditty.) with that encoded by the UBIl/UBIZ gene of Saccharomyces cerevisiae (yeast) [2] and with the mouse arf2 
sequence (mouse) [4]. This latter sequence is incomplete and ends at position 95 (*). Identical positions are depicted by bars. The 
isoleucine in position 77 of the yeast and mouse sequence is duplicated as indicated by (-)2. The number of amino acid residues in 
the extension of Dictyostelium and yeast is nevertheless the same because of an extra leucine before the terminal lysine in the 
Dictyostelium sequence, At the C-terminal end of the D. dircoideum protein is the sequence of a synthetic peptide (underlined) against 
which antibodies were obtained. 
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were affinity purified by absorption to nitrocellulose-bound 
peptide and elution at pH 2.5. For immunoblotting, total 
cellular proteins of D. discoideum or exponentially growing 
Saccharomyces cerevisiae BWGl-7A were separated by SDS- 
polyacrylamide lectrophoresis n 14% gels. Yeast homogenates 
prepared in a French press were kindly provided by M. Marget. 
Blots were incubated with the affinity purified antibodies and 
indirectly labeled with rzsI-goat anti-rabbit IgG. 
3. RESULTS 
3.1. Sequence of a D. discoideum cDNA 
comprising ubiquitin plus 3 ‘-terminal 
extension 
The complete coding region and flanking se- 
quences of the cDNA clone cDU17 are shown in 
fig. 1. The coding region encompasses 384 
nucleotides that code for the 76 amino acids of ubi- 
quitin and the 52 amino acids of its C-terminal ex- 
tension. By primer extension analysis three 
transcription start sites upstream of the initiator 
AUG were identified. The 3 ’ nontranslated region 
shows two putative polyadenylation signals [3]. In 
order to exclude artificial rearrangements in the 
cDNA of clone cDU17, two other cDNA clones 
were analysed. The 3 ’ -untranslated portions were 
shorter in these clones than in cDU17 but the se- 
quence of the coding region was the same. 
The base in position 373 was difficult to iden- 
cDU17 
5’ t-ubiquitin-,-extension- 3’ 
Z = 
l¶ -u _ 
-I_! I I 
UBlU oligo C UBlC 
4 . 
Fig.2. Map of restriction sites in the cDU17 sequence and 
location of subcloned fragments (UBlU and UBlC) or 
synthetic oligonucleotides. Oligo5 ’ comprises nucleotides 6-30 
and oligo(C) nucleotides 268-285. Blocks represent 1 I-mer 
oligonucleotides used as primers and arrows indicate directions 
Fig.3. Proteins of D. discoideum (Ditty.) and of 
Saccharomyces cerevisiae (yeast) recognized by antibodies 
against the C-terminal peptide of the underlined D. discoideum 
sequence in fig.1. D. dkcoideum cells were harvested at 
exponential growth (0 h) or after 5 h of starvation, yeast cells 
at exponential growth (exp.). Positions of Rainbow molecular 
of sequencing. mass markers (Amersham) are indicated. 
tify. In three independent sequencing runs from 5’ 
to 3’) G was read in this position and we have 
published a sequence assuming that this was cor- 
rect [3]. This G was not found when other cDNA 
clones and other sequencing strategies as outlined 
in fig.2 were used. Eliminating the G resulted in 
the amino acid sequence of fig.1, which is 1 I 
residues longer than the previously published one. 
In order to confirm that sequence and to 
demonstrate that the transcripts encoding the ubi- 
quitin fusion protein are in fact translated, a rabbit 
antiserum was raised against a synthetic peptide 
that contains only the 14 amino acids of the C- 
terminus in the reading frame shown in fig. 1, in 
order to probe for the protein. 
3.2. Expression of ubiquitin fusion protein in 
Dictyostelium and yeast 
Antibodies against he C-terminal peptide of the 
Ditty. Yeast 
Oh 5h exp. 
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predicted D. discoideum sequence were affinity 
purified and applied to immunoblotting of total 
cellular proteins from D. discoideum and Sac- 
charomyces cerevisiae (fig.3). In D. discoideum 
one protein with an apparent molecular mass of 
about 16 kDa was strongly labeled. In yeast two 
major proteins, of 15 kDa and of about half that 
size were recognized by the same antibodies. Since 
the molecular mass calculated for the entire pro- 
tein from the cDNA-derived sequence is 14.7 kDa, 
these results suggest in both organisms the 
presence of proteins that consist of an ubiquitin 
moiety linked to the C-terminal extension. 
3.3. The 3 ‘-extension is unique to the 
monoubiquitin transcript 
Northern blots were probed with recloned 
cDNA fragments and with oligonucleoticles as in- 
dicated in fig.2. The ubiquitin-specific probe 
(UBlU) recognized the seven transcripts of D. 
discoideum ranging from 0.6 to 1.9 kb that have 
been shown to contain ubiquitin sequences [3]. In 
contrast, the probe specific for the 5 ’ -untranslated 
region of the cDU17 sequence (oligo5’), the probe 
oligo 5’ UBlU 0ligoC UBlC 
05 05 05 0 5h 
Fig.4. Northern blot analysis of transcripts recognized by 
various probes complementary to the cDUl7 sequence. The 
probes range from the 5’untranslated region up to the 3’-end 
as indicated in fig.2. Only the UBlU fragment hat recognizes 
part of the ubiquitin coding region hybridized to more than a 
single band. The 2.0 kb band recognized by the UBlC probe is 
ribosomal RNA that was not completely removed from the 
poly(A)-enriched RNA preparation. Sizes of transcripts are 
Fig.5. Southern blot analysis of genes coding for ubiquitin and 
for the C-terminally extended ubiquitin. Two of the restriction 
enzymes used, EcoRI and SspI, cut only outside of the cDU17 
sequence, HpuII within the ubiquitin coding region, AccI 
within the 3 ’ -untranslated region, and Hind11 within the region 
coding for ubiquitin and the C-terminal extension (fig.2). Of 
the two probes used, UBlU recognizes an ubiquitin encoding 
fragment with the HpaII site in the middle, and UBlC the 
region downstream of the Hind11 site. In the blot shown the 
band recognized by both probes in the HpaII digest was only 
weakly labeled by the UBlU probe. Labeling of this band seems 
to depend critically on hybridization stringency; in two other 
experiments the band was about as strongly labeled as either of 
the two slightly larger fragments. Positions of Hind111 
taken from [14]. fragments of hDNA are indicated. 
specific for the 3 ‘-extension [oligo(C)], and the 
probe recognizing the extension plus the 
3 ’ -untranslated region (UB 1 C) hybridized only to 
the 0.6 kb transcript (fig.4). These results show 
that none of the larger transcripts, which code for 
polyubiquitins [ 131, carries the 3 ‘-extension and 
they also show that no transcript encoding proteins 
other than ubiquitin contain a sequence 
homologous to the extension. 
kb 
23.1 w 
9.4, 
0.7 ) 
4.4, 
2.3) 
2.0, 
0.56 ) 
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3.4. Genomic monoubiquitin and 3 ‘-extension 
sequences are linked to each other in a single- 
copy gene 
Southern blots of genomic DNA cut with five 
different restriction enzymes were hybridized with 
the recloned fragments, one of them recognizing 
the ubiquitin sequence (UBlU), the other the ex- 
tension plus the 3’-untranslated portion (UBlC) 
(fig.5). The results obtained indicate that the 
transcript corresponding to the cDU17 clone is en- 
coded by a single continuous gene, DUBl. The 
UBlU probe recognized up to 8 bands, in accord 
with the multiplicity of polyubiquitin genes [3,13]. 
The UBIC probe recognized only a single band in 
each of the restriction digests, the smallest one 
with a size of about 1.1 kb which is less than twice 
the size of the DUB1 gene (fig.1). In each digest the 
band recognized by the UBlC probe coincided 
with one of the bands recognized by the UBlU 
probe. An exception was the Hind11 digest where 
no coinciding bands were found. This was ex- 
pected since Hind11 cleaves between the regions of 
the cDU17 sequence that are recognized by the two 
probes (fig.2). 
4. DISCUSSION 
The complete cDNA-derived sequence of a D. 
discoideum onoubiquitin with a C-terminal ex- 
tension shows that not only the ubiquitin but also 
the extension is highly conserved inorganisms as 
different as yeast, Dictyostelium and mouse [2-41. 
Compared to the yeast UBl l/UB12 amino acid se- 
quence [2] there are four amino acid exchanges 
within the ubiquitin part of the D. discoideum se- 
quence, and 11 within the extension (fig.1). Four 
of the exchanges in the extension are conservative 
amino acid substitutions. Compared to the in- 
complete mouse sequence [4], 2 amino acid ex- 
changes are found within the ubiquitin part and 4 
within the 18 identified amino acid residues of the 
extension. 
Putative functions of ubiquitin fusion proteins 
have been discussed by ijzkaynak et al. [2]. Of par- 
ticular interest is the possibility that the C-terminal 
extension of the ubiquitin forms a DNA-binding 
‘finger’ involving four of the five conserved cys- 
teine residues. Detection of a protein with the full 
size of the fusion protein in D. discoideum as well 
as Saccharomyces cerevisiae cells shows that the 
translation product is not immediately cleaved. 
Thus the lifetime of ubiquitin with the C-terminal 
extension appears to be much longer than the per- 
sistence of the polyubiquitin precursors of 
monoubiquitin. In addition, a .smaller protein car- 
rying the C-terminus of the extension has been 
detected in yeast. It remains to be investigated 
whether this protein represents the extension from 
which the ubiquitin moiety is cleaved off, and 
whether cleavage is important for the protein to 
fulfil its function. 
The 0.6 kb transcript is maximally expressed in 
growing cells. Its amount slightly declines during 
early development (fig.4), while the amount of 
protein recognized by the antibodies remains 
essentially unchanged (fig.3). Heat-shock, CD’+ 
and cycloheximide treatment, which cause a strong 
accumulation of polyubiquitin transcripts, leave 
the amount of the 0.6 kb transcripts unaffected 
[14]. These results suggest hat the function of the 
15 kDa protein that is encoded by these transcripts 
differs from other ubiquitin activities. Localiza- 
tion of the protein using the anti-peptide an- 
tibodies against the C-terminal tail may help to 
elucidate the function. 
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